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Optical tweezers-based immunosensor detects 
femtomolar concentrations of antigens 

Kristian Helmerson, 1 * Rani Kishore/ William D. Phillips, 1 and Howard H. Weetall 2 



We used optical tweezers (optical trapping technology) 
to measure the force required to separate antigen- 
antibody bonds. Under competitive-binding conditions, 
we used the force determination to detect and measure 
protein antigen concentrations as small as 1 frnol/L 
<1<T 15 mol/L). 
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Detection and quantification of ultralow concentrations of 
analytes are becoming increasingly important [1]. Meth- 
ods that do not require amplification techniques to detect 
infectious organisms, viruses, and nucleic acid targets 
could find wide application in the clinical environment. 
To this end we have carried out a series of experiments 
leading to the detection of femtomolar Concentrations of a 
protein antigen by a method we believe could be widely 
applicable and capable of automation. This approach 
involves optical trapping technology capable of sensing 
single antigen-antibody bendy. Using a competitive-bind- 
ing or displacement-type assay, we can detect extremely 
small quantities of a soluble antigen added to the system. 

Moterlate and Methods 

PRINCIPLE 

We have constructed a sensor that is based on optical 
trapping technology, i.e., optical tweezers. Optical twee- 
zers are focused laser beams used to trap and remotely 
manipulate dielectric particles, including cells and other 
biological objects [2-4]. The change in momentum of the 
light transmitted by the dielectric object results in a force 
that traps objects having an index of refraction greater 
than that of the Surrounding medium at the local maxi- 
mum of the intensity of the electromagnetic field, Le., at 
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the focus of the laser beam. Svoboda and Block 14] have 
reviewed the principles of optical forces as well as the 
various configurations and applications of optical twee- 
zers. 

Figure 1 illustrates the basic principle of our device. We 
use optical tweezers to trap a microsphere coated with an 
antigen and then pull the microsphere away from a 
surface coated with the corresponding antibody. 
Throughout, we measure the force applied by the optical 
tweezers to break the antigiai-antibody bonds and to pull 
the microsphere away from the surface. To detect the 
presence of small quantities of the antigen in solution, we 
use a competitive-binding displacement approach: The 
binding of the free atitigens in solution to the antibodies 
on the surface is detected as a decrease in the average 
force required to pull the antigen-coated microsphere 
away from the surface. 
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Fig- 1. Basic scheme of our optical tweezer-based Immunosensor. 
An antigarh09$(cd mfcrosohere la trapped and pulled sway from en antibody- 
coated surfocs by use of the optleal iweezera. The minimum amount of force 
applied by the tweezers to Kraft* the mlcrosplwe-coupled end£en-antfl»dy 
bonds is measured. Detection of free antigens in solution is manifested as a 
reduction of nht* appflBd fort*, the tesuW of displacement or microsphere 
coupled antigen by free antigen In trie binding te the flnttoody. 
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APPARATUS* 

Our optical tweezers apparatus consists of a Zeiss in- 
verted microscope equipped with a IGOx (numerical 
aperture 1.4) oil-immersion objective lens, a video camera 
and monitor, a computer-driven translation stage capable 
of motion in three orthogonal directions, and a continu- 
ous-wave Nd:YAC laser emitting light at a wavelength of 
1.06 Mni. The laser light is coupled into the back of the 
objective Jens with a dichroic rnirror, which enables us to 
simultaneously view and trap the microspheres. Trans- 
parent, polarizable objects with an index of refraction 
higher than the surrounding medium, such as these 
microspheres in buffer, are trapped at the local maximum 
of the Intensity of the laser light, tightly focused by the 
objective lens. Typically, the size of the focal spot is kept 
fixed; therefore, the Strength of the trapping force is 
proportional to the power of the laser. 

The microspheres, suspended in a buffer solution, 
were contained in a chamber constructed from a glass 
microscope slide with a 1.0-cm hole drilled through it and 
two glass cover slips on each side. "The coverslip on the 
objective-lens side of the chamber contained the silane- 
coupled antibodies. Both cover slips were sealed to the 
microscope slide with silicone vacuum grease. The total 
volume of the chamber was —100 /iL. 

SAMPLE PREPARATION 

The antigen used in these experiments, bovine serum 
albumin (BSA, 98-99%; Sigma Qiemical Co., St Louis, 
MO), was covalently coupled to 4.5-ujn-diameter latex 
microspheres with carboxyl groups (Bangs Labs,, Carmel, 
IN). The co va lent coupling was accomplished by first 
removing 0-1 mL of the original 50 g/L suspension of 
microspheres and washing with pH 6.6 buffer (0-05 
mol/L potassium phosphate, 0.1 mol/L sodium chloride, 
2 g/L gelatin, and 0.1 mL/L thimerosal). Next, we added 
1.0 mL of 50 mmol/L 2-(/V-morph olino) ethanesul f onic 
acid buffer (Sigma Chemical Co.), pH 5.5, to the desired 
quantity of BSA plus microspheres and vortex-mixed. A 
freshly prepared 10 g/L solution of water-soluble 1-ethyl- 
3-(3-dm^ethyknunopropyl)-carbodiimide (Sigma Chemi- 
cal Co.) was added to the microspheres and stirred for4h- 
Unreacted carbodiimide was removed by centrifuging 
and washing the microspheres three times at 15 °C with 
phosphate-buffered saline (PBS; 0.05 mol/L potassium 
phosphate and 0.1 mol/L sodium chloride), pH 7.5, 
containing 0.1 g/L thimerosal. We stored the washed 
microspheres in PBS at 4 °C. For the experiments reported 
here, we diluted the BSA-coupled microspheres to ~0.1 
pjnol/L, which yielded —lOOO microspheres in the sam- 
ple Chamber. 
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The corresponding antibodies, mouse monoclonal anti- 
BSA antibodies, were covalently attached to glass cover 
slips through silane coupling. Silane-coated cover slips 
were prepared by firs t boiling the cover slips in 10% nitric 
acid for 1 h and then washing with distilled water until 
the pH of the water was neutral. Silane solution was 
prepared by adding 5 mL ol 3-^yddoxypropyltrimethoxy- 
silane and 5 mL of tetramethylorrhoslHcate (both from 
Aldrich Chemical Co., Milwaukee, WI) to 100 mL of 
deionized water. The pH of the silane solution was 
adjusted to 4.0 with 10% nceric acid solution. The cover 
slips were dipped in the liilane solution, dried at room 
temperature, heated for 90 min in an oven at 110 *C, and 
then mounted on glass elides. To the coverslip surface we 
added 100 fiL of 0.05 mol/L potassium phospha te, pH 8-0, 
followed by TO uL of 2.8 g/L anti-BSA monoclonal 
antibodies (Sigma Chemical Co.). After incubating the 
slides at 5 °C for 72 li, we rinsed the coverslips with the 
F&^-thimerosal solution. 

MEASUREMENT OV BINDING 

We detected the binding oi the microsphere to the cover- 
slip surface as follows. Microspheres resting on the sur- 
face of the coverslip were located optically with the 
microscope. We focused the microscope objective on the 
surface of the coverslip and then positioned the objective 
in the center of the microsphere in the plane of the 
coverslip. Using the computer-driven stage, we displaced 
the objective lens 5-0 pm toward the coverslip surface. 
This corresponds to placing the focus of the laser beam 
about one microsphere radius above the middle of the 
microsphere, into the chamber, away from the coverslip 
surface. We then slowly increased the laser power from 
zero until the point nt which the microsphere could be 
seen to jump away from the coverslip surface into the 
focus of the laser beam. The minimum power at which the 
microsphere wag pulled into the optical trap was re- 
corded. The laser power was typically increased over a 
timespan of 5 s. However, the minimum laser power 
required to lift the microsphere off the surface and into 
the trap was unchanged when we increased or decreased 
this interval twofold (data not shown). 

nesutt$ and Discussion 

SPECIFIC VS NONSPECIFIC BINDING EXPERIMENT 

We performed an initial series of experiments to study 
specific and nonspecific bindmg of antigens to the si- 
lanized surfaces, i.e., with and without antibodies, respec- 
tively. Two series of measurements were made, involving 
microspheres coated with BSA and silane-coated cover 
slips with and Without anti-BSA coupled to them. For 
each series of measurements, we varied the surface cov- 
erage of the microspheres by changing the amount of BSA 
offered during the coupling procedure (from 1.45 X 10" 7 
mol/L to 1.45 X 10" 1 * tnoi/L). Fig. 2 presents the titration 
data for the BSA-<oared microspheres, i.e., the laser power 
required to pull a microsphere, coated at a particular 
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Concentration of BSA (1.45 X motes/liter) 

Fig. 2. Power required to pull microspheres coated with BSA off of a 
sllane-cotted glass eovergiip (light oars) and off of a sllanfiHCOupied 
antl-BSA«6atad coversllo (cterfr terj>. 

The Increase In the measured laser power corresponds to Ancreeslng b I ruling 
force between the BSAcoeted microspheres and the sirenized surface. The 
Jncree$e In trie binding force with increasing BSA on tno aurfeee «r the 
mien? spheres la interpreted as arising from the increasing number of BSA anti- 
BSA bonds and of BSA-m&thykerm mated silane bonds for the AitfcBSAcouplea 
ond noncoupled $ildn»coarted surfaces, respectively. The BSA ooncentrations 
Indteated are throe used In the coupling reactions and not the quantities bound: 
therefore, they represent trie maximum quantity of protein that oould be coupled 
to the microspheres. The mean and SO of 10 measurements made wfth 
Independent microspheres era shown. 



concentration of BSA, off the coverslip surface (mean ± 
5D, n = 10). 

As Fig. 2 shows, microspheres treated with BSA con- 
centrations of 1.45 X 10" 13 mol/L (0.145 pmol/L) or less 
bind to the coverslip surface with a force essentially the 
same as when there is no BSA on the microsphere. For 
microspheres coupled at 1.45 pmol/L or greater BSA 
concentrations, the binding force of the microsphere to the 
silanized surface increases with increasing BSA concen- 
trations; however, the measured binding force of BSA to 
anti-BSA is much larger than the measured binding force 
of BSA to a coverslip coa ted with silane only. We interpret 
this as arising from both the specific and nonspecific 
binding of the BSA to the* silanized surfaces with and 
without anti-BSA, respectively. 

Given the number of microspheres used in the cou- 
pling reaction, and assuming 100% coupling of available 
BSA molecules to the microspheres, we calculate that the 
average number of BSA molecules coupled to the micro- 
spheres at the BSA concentration of 0,145 pmol/L is L 
(This estimate of the number of BSA molecules coupled to 
the microsphere is probably good within an Order of 
magnitude. In practice, there will be <100% coupling of 
the BSA to the microspheres; however, loss of micro- 
spheres during washing will tend to compensate for the 
reduced coupling.) Thus, we expect that microspheres 
treated at BSA concentrations <0145 pmol/L should 
have essentially no BSA available to bind to the coverslip 
surface- As the number of BSA molecules on the micro- 
sphere increases, the number of BSA-to-surface bonds for 
both Specific and nonspecific binding should increase, 



along with a corresponding increase in the measured 
binding force. 

The high selectivicy provided by the molecular recog- 
nition of antibodies tor antiguns is shown in the data for 
Fig. 2. In each ease in which microsphere-coupled BSA 
exhibited binding, the binding force of the BSA to a 
silane-coupled anti-BSA surface was larger than the bind- 
ing force of the BSA to the silane surface without anti- 
BSA. Despite the strong tendency of BSA to bind to 
surfaces terminated with methyl groups (e.g., our non- 
functionalized silane surface t5J), the measured binding 
force of BSA to anti-BSA was 30% to 50% larger for 
microspheres containing coupled BSA at concentrations 
of 1.45 x JO" 12 mol/L to 1-45 X 10~ 7 mol/L, respectively. 
Thus, Fig. 2 suggests that the increase in the specific 
binding of a microsphere coupled with BSA to the onti- 
BSA-coated silane surface occurs for microspheres cou- 
pled at BSA concentrations between 1.45 X 10~ 13 and 
1.45 x 10" 11 mol/L. In this range, the measured increase 
in the binding force would arise from a single antigen- 
antibody binding paic or at most a few such pairs. 

In an additional experiment we tested our conclusion 
that the increased force observed with the BSA-coupled 
microspheres on the anti-BSA-coated coverslip was attrib- 
utable to specific binding and not to the presence of any 
nonspecific IgG-BSA interaction. Because mouse IgG rec- 
ognizes mouse serum albumin and does not cross-react 
with BSA, we coupled nonspecific mouse IgG (Sigma 
Chemical Co.) to a -silanized coverslip and repeated the 
binding force measurement experiments with micro- 
spheres prepared at BSA concentrations ranging from 
1.45 x 10" 7 to 1-45 > 10~ 15 mol/L. The results showed 
that the force required to break the microsphere-to-SUt- 
face bonds remained constant across the entire range of 
BSA concentrations coupled to the microspheres. This is 
consistent with the interpretation that the increased bind- 
ing force observed in the presence of the specific antibod- 
ies results from the specific antigen-antibody interaction. 
In contrast with the data of Fig. 2, the absence of any 
increase in the nonspecific binding force of the BSA- 
coated microsphere with the silanized coverslip as the 
coverage of the microsphere increased suggests that the 
coverslip was, effectively, fully coated with the nonspe- 
cific mouse IgG- This would correspond to an average 
spacing between nonspecific IgG molecules of, at most 
the radius of the microsphere. Hence, the minimum 
average surface density of nonspecific TgG is 2 X 10 7 
molecules/cm 2 . 

IMMUNOSENSOXl EXFELUMfiNT 

To demonstrate use of the device as an immunosensor, we 
performed a typical competitive or displacement-type 
assay, using a BSA-coated mkTOSphere (BSA concentra- 
tion 1.45 X 10" 7 mol/L) and a si lane-coupled anti-BSA- 
coated surface. For each experiment, we added 1 /xL of 
buffer solution (containing free BSA at various concentra- 
tions) to the chamber containing the microspheres in 100 
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of buffer and incubated this for 2 h at room tempera- 
ture. We then measured the binding force of the micro- 
spheres to the anti-BSA-coated surface as described ear- 
lier- Fig. 3 shows the results of our experiments as a 
function of free BSA in solution. 

The data in Fig. 3 indicate that the range of sensitivity 
of our assay covers at least three orders of magnitude. We 
observe an increase in the binding force of the micro- 
sphere to the surface for concentrations of BSA in solution 
between 1.45 X 10" 11 and 1,45 X 10" 15 mol/L. The 
difference in the binding force of the microsphere to the 
surface for 0 BSA in solution and for 1.45 X 10 _ts mol/L 
BSA in solution shows that the assay is sensitive to 
femtomolar concentrations of antigens. At BSA concentra- 
tions of 1.45 X 10 _T1 mol/L and higher in solution, the 
binding force of the microsphere to the anti-BSA-coated 
surface is indistinguishable from the binding force of die 
microsphere to a silanized surface without anti-BSA (the 
NaB value in Fig. 3). We interpret this as arising from a 
complete displacement of the rnicrosphere-eoupled BSA- 
anti-BSA reaction by the free BSA. An upper limit for the 
average surface density of anti-BSA can be estimated, 
based on the minimum concentration for complete dis- 
placement Because a concentration of 1.45 X 10" 11 mol/L 
of BSA in solution corresponds to ~9 X 10 5 molecules, the 
maximum average surface density of anti-BSA is 9 x 10* 
moJecules/cm 2 . However, this value is an overestimation 
because, in equilibrium, some fraction of the BSA is not 
bound but in solution. According to the data in Fig. 2, the 
increase in the difference between specific and nonspecific 
binding force for BSA concentrations of 1.45 X 10" 12 and 
1.45 x 10" 7 mol/L is only threefold, even though the BSA 
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Fig. 3. Power required to pull microspheres coated with BSA (at 1.45 
x I0" r mol/L) off of a silano-couplad antl-B&frcoated glass cover slip 
in the presence of Tree BSA In solution. 

The inonedsv k\ trie measured 16 w powar corresponds, to Increasing binding 
toko & the BSA-costed rnlcr?spriBr©B with tfta sltanbed surface. The decrecw 
In tho binding force with Increasing free B$A concentrations Ifl taWrpnited as 
arising from Hi* defeasing number of gntl-QSA binding ilte* nvaiUOle to die 
BSA-coBted microsphere because of displacement by tn« fr«« BSA In solution. 
Tne BSA concentrations indicated are those of free BSA In trie cnamber. Shown 
are the mean and 3D of 10 measurements mode with independent micro- 
spheres, NbB, me*$vrcnent& mad* wfth BSAcoatad microspheres end a 
surface coated only with slfarw (no *ntt£SA). 



surface coverage Of the microsphere has increased by 10 s . 
This implies that the number of BSA to anti-BSA bonds is 
limited by the surface coverage of anti-BSA on the si- 
lanized coverslip and is at least threefold higher than the 
lower estimate based on the results with the nonspecific 
mouse IgG. We conservatively estimate the average sur- 
face density of anti-BSA to be between 6 x 1<) 7 and 9 x 10 s 
molecules /cm 1 . 

At a concentration of 1.45 X 10" 13 mol/L, only -10 5 
molecules of BSA arc in solution. A possible explanation 
for the detection of such a low concentration of analyte is 
that the dielectrophoretic force 16} of the laser acting on 
the free BSA mole cults can effectively concentrate the free 
BSA in the region of contact between the microsphere of 
interest and the surface- In the presence of a gradient 
electric field, the interaction of the induced dipole mo- 
ment of a molecule with the field results in a dielectro- 
phoretic force on the molecule— essentially the same force 
responsible for trapping the microspheres by the optical 
tweezers. A simple calculation shows that, in the presence 
of the dielectrophoretic force of the laser field used in 
these experiments, the time required for a free BSA 
molecule (with a diffusion constant of 0J59 cm 2 /s) to 
diffuse a distance of 100 fim (approximately the average 
distance between free BSA molecules at 1.45 X 10"* s 
mol/L) to the focus of the laser beam is close to the 
timescale in which wt: make our measurements (5 s). The 
polarizability of tlie glass coverslip should also enhance 
the electric field at the point through which the laser beam 
passes and increase the dielectrophoretic force at the 
location where the jnicrosphere binds to the surface, 
thereby further concentrating (he free BSA. Although our 
simple estimate of the timewaJe for bringing the free BSA 
molecules to a location where they could bind to anti-BSA 
and block the microsphere from sticking is reasonable, a 
more detailed calculation would include the binding of 
the BSA to the anti-BSA. Such a calculation, however, is 
beyond the scope of ti tis paper, but further studies of this 
interesting dielectrophoretic effect are warranted. 

In conclusion, we have demonstrated an optical tweezers- 
based immunosensor capable of detecting femtomolar 
concentrations of antigen in a competitive-binding assay. 
Although we have shown that the system described is 
capable of such highly sensitive measurements, an inves- 
tigation of the limits of sensitivity as well as the develop- 
ment of some form of sample processing and microfluid- 
ics will be necessary for maximum utilization Of this 
technology in the clinical environment. We believe the 
sensitivity of this teclwology can be improved further 
than has been demonstrated here. The broad potential of 
this approach for detection and quantification of binding 
pairs is under further investigation. 
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